Despite extensive investigations of the pulmonary circulation using both in vitro and in vitro preparations, few direct microcirculatory studies have been made. Consequently, the mechanisms involved in the response of the pulmonary microvasculature to changes in oxygen tension remain unclear. The present study represents the first direct observation of the responses in pulmonary microvessels to alterations in oxygen tension. Neonatal lung tissue was transplanted into the hamster cheek pouch using a chamber technique. Both tissues were characterized with respect to their microvascular pressure profile and vascular response to hypoxia. The results showed the two tissues to be remarkably different. Small pulmonary and cheek pouch arterioles exhibited opposite responses to changes in oxygen environment; hypoxia elicited a constriction of pulmonary arterioles, but a dilation of cheek pouch arterioles. Pulmonary capillary pressure, although comparable to that measured in the intact lung (13 mm Hg), was substantially lower than cheek pouch capillary pressure, which was within the range of that described for several systemic vascular beds. The microcirculatory effects of oxygen on both tissues were confined to the arteriolar segments. The characteristics of this pulmonary microcirculation are such that it is a unique model for further physiological and pharmacological studies. Ore Res 49: 125-132, 1981 
DIRECT observations of pulmonary microvessels, in situ, were accomplished as early as 1925 by Hall (1925) in inflated lungs of cats and rabbits. Various studies concerning the morphology of pulmonary microvessels (Burrage and Irwin, 1953; Irwin et al., 1954) and the responses of these microvessels to epinephrine (Wearn et al., 1934) , sympathetic stimulation (Hall, 1925) , histamine (MacGregor, 1934) , nitrogen (Wearn et al., 1934) , and anaphylaxis (Burrage and Irwin, 1953) , were completed in guinea pigs, cats, rabbits, dogs, and alligators. These studies were the first to document the branching patterns of pulmonary microvessels and to provide evidence for vasoconstrictor activity in small pulmonary arterioles and venules.
The response of the pulmonary circulation to acute hypoxia has been well documented. In 1904, Plumier demonstrated that a decrease in the oxygen tension of inspired gas elicited pulmonary hypertension in the anesthetized dog. von Euler and Liljestrand (1946) were the first to suggest that this was a local phenomenon which was mediated by pulmonary vasoconstriction and matched alveolar per-fusion to alveolar ventilation by initiating an increased local resistance to perfusion which redistributed blood flow from poorly to well-ventilated regions of the lung. Whereas many investigators using a variety of animal models have confirmed these observations, the sites and mechanism for the action of hypoxia on the regulation of the pulmonary circulation remain unresolved.
The current consensus seems to favor the view that constriction of small pulmonary arteries and arterioles is the primary determinant of hypoxic pulmonary hypertension, whereas pulmonary venoconstriction plays a secondary role (Kato and Staub, 1966; Brody et al., 1968; Bergofsky, 1974) . However, because of the inaccessibility of the pulmonary microcirculation to direct study, much of the existing evidence for both the site and mechanism of action of hypoxia is still inconclusive and conflicting.
Recently, we used the tissue transplantation technique of Greenblatt et al. (1969a) to study neonatal cardiac and renal allografts in the hamster cheek pouch (Click et al., 1979; Cornish et al., 1979) . Now, we have applied this technique to the lung to observe directly the response of the pulmonary microvasculature to hypoxia. To our knowledge, the present study represents the first direct in vivo observations of pulmonary arterioles, capillaries, and venules in response to varied oxygen environments.
The objectives of these experiments were as follows: (1) to compare the microvascular responses 126 CIRCULATION RESEARCH VOL. 49, No. 1, JULY 1981 and pressure redistribution of hamster cheek pouch and pulmonary allograph vessels under hypoxia, and (2) to determine the feasibility of using this model for further studies concerning the pulmonary micro vasculature.
Methods

Allograft Transplantation
Pulmonary tissue from newborn hamsters (<24 hours old) was transplanted into the cheek pouch of 150-to 200-g adult female golden hamsters according to the basic technique of Greenblatt et al. (1969b) . The design of the plastic chamber was essentially the same as that used by Click et al. (1979) , except that the baseplate was cut to one half of its original diameter.
Chronic insertion of the chamber with the pulmonary allograft required a sterile procedure, so all operations were performed inside a laminar flow hood, and instruments were sterilized immediately prior to use. Hamsters were anesthetized with sodium pentobarbital (6 mg/100 g, intraperitoneally), shaved around the head and left cheek pouch, and the skin was cleaned with Phisohex, 95% alcohol, and Betadine. The hamster was placed on an operating stage inside the laminar flow hood, and the baseplate, which had been immersed for 24 hours in Citex solution and positioned in a holder, was inserted into the left cheek pouch. A small incision was made in the outer skin and the cheek pouch membrane was exposed by gently spreading the skin forward around the baseplate. After the thick connective tissue layer had been cleared, incisions were made over each of the two pegs on the baseplate. A small piece of neonatal lung (approximately 1.0 mm) was placed on the membrane and the Saran-covered upper chamber positioned snugly over the tissue. The outer skin was pulled up and around the upper chamber and secured with a purse-string ligature. Pegs on the baseplate fit into appropriate holes in the upper chamber and these two parts were heat-sealed with a small cautery. The pulmonary tissue then lay between the vascular cheek pouch membrane and the Saran. Finally, a gauze plug was placed into the well of the chamber. Gentle pressure from this plug kept the allograft in close apposition to the cheek pouch membrane.
Immediately after surgery, the hamsters were given an injection of Wycillin (6000 units, subcutaneously), which was repeated again in 5 days. The animals were allowed to recover, returned to their cages, and maintained on hamster chow and water, ad libitum. Each day Dermoplast was applied topically around the edges of the chamber. By use of this technique, establishment of a well-vascularized pulmonary allograft occurred in 80% of the recipients within 7-10 days.
Experimental Preparation
Eight to 14 days after transplantation, the hamster was again anesthetized and placed on a temperature-controlled heating pad. A tracheostomy was performed and polyethylene catheters were inserted into the right femoral artery and vein. The animal was maintained on an infusion of 6% dextran in 0.9% NaCl at a rate of 5 jtl/min. When needed, additional anesthetic was administered intraperitoneally (3 mg/100 g per hr).
The Saran was removed exposing the underlying pulmonary allograft. The tissue was suffused at 6 ml/min with a Ringer's bicarbonate solution which was heated (36°C) and gassed in a glass column with either a 95% N2/5% CO2 (low oxygen) mixture or a 20% O 2 /75% N2/5%CO 2 (high oxygen) mixture. The pH of the solution with either gas mixture was between 7.40 and 7.45 and the Pco 2 was between 35 and 40 mm Hg. pH, PCO 2 , and Po 2 were measured on an IL 813 blood-gas analyzer after collection of samples under oil. To study only the cheek pouch vessels, we inserted a chamber into the left cheek pouch of an adult female hamster just prior to experimentation using the same technique except that neonatal tissue was omitted (acute preparation). In all animals, rectal temperature was monitored and maintained at 37°C. Suffusion temperature and systemic blood pressure were recorded continually throughout the experiment using a Grass model 59 polygraph. In all experiments, pulmonary arterioles were distinguished according to their anatomical arrangement within the mass of pulmonary tissue, as described in the Results section of this paper.
Video System
To transilluminate the preparation, a polished Lucite rod with a tip beveled at 45° angle was inserted into the cheek pouch of the hamster and positioned underneath the baseplate. The light source was a Zeiss 100-W mercury lamp and the optical system was a Zeiss epi-8tage microscope (Collins Microscope Co.) with Leitz 10X and 20x objectives. The image was projected through a Zeiss optovar and image rotator into a closed circuit television system, consisting of a Cohu 4410 camera, Conrac Monitor, and JVC CR-6060U video-cassette recorder. Static and dynamic vascular dimensions were measured through the closed-circuit television system with a video-micrometer (Colorado Video, Inc., model 305). The accuracy of this system was ±2% as determined from 20 successive measurements of a 12-/im target (mean = 11.89, SD = 0.34). Photographs were taken with a Minolta 35-mm camera using Kodak Tri-X (ASA=400).
Micropressure Recording System
Microvascular pressures were measured using a modified version of the Wiederhielm electronic PULMONARY MICROCERCULATION-PRESSURE PROFILE & HYPOXIA/Davis et al. 127 servo-system (Wiederhielm et al., 1964; Intaglietta et al., 1970) . This system was built by Mr. David Smith in the Department of Physiology, University of North Carolina/Chapel Hill and altered slightly in our laboratory to increase the frequency response. The linearity, stability, and frequency response of this system are shown in Figure 1 . Dynamic tests were performed with the pipette tip sealed in a Statham transducer dome above a pump identical to that used in the servo-null system (Ling 203A); this second pump was driven with an HP 6824A power amplifier, the frequency of which could be varied by a signal generator. Pressures in both domes were measured with Statham P23Db transducers on an HP 7702B recorder. There was a slight amplification of frequencies below 40 Hz, and a large drop-off in frequencies about 60 Hz; thus, the system was at half gain at 70 Hz. Because the frequencies of the signals measured in these experiments were low (<6 Hz for the first harmonics), this system was more than adequate to obtain reliable pressure measurements.
Micropipettes were made from 1.5-mm microfilament glass capillary tubing (AM systems), pulled in a conventional micropipette puller (David Koft 700 C), and ground on an air-driven stone to a sharp bevel with a 2-to 3-jum opening. The stone had been coated with polyurethane varnish and dusted with a thin layer of 0.5-/im alumina silicate (Bueller). The micropipettes were stored in covered Petri dishes until just prior to use when they were back-filled with filtered, degassed (2.0 M) saline.
Results
Pressure Profiles and Responses to Oxygen
Cheek Pouch
For measurement of microvascular pressures, hamsters were prepared, as described earlier, with acute cheek pouch chambers. Since these chambers had smaller baseplates that were not compressed during their preparation, they in no way constricted vessels or impeded flow; yet they could still serve as a good support for the cheek pouch membrane, as well as a reservoir for the suffusion fluid. After insertion of the chamber, the membrane was allowed to stabilize under low oxygen solution for 20 minutes. The Po 2 was between 20 and 30 mm Hg. Suffusate temperature was controlled at 36 ± 1°C, since this consistently gave the best flow in both the allograft and cheek pouch capillaries. Vasomotion often could be seen in all of the different orders of cheek pouch arterioles under low oxygen suffusion, but it was not present in all preparations nor was it seen with high oxygen suffusion.
Although the cheek pouch microcirculation remained in good condition for approximately 3 hours, experiments usually lasted only 1-2 hours. The experiments were terminated if arteriolar flow slowed significantly or if there were any signs of venous stasis and leukocyte adhesion. Cheek pouch vessels were classified numerically according to their order of branching (Wiedeman, 1968) , with the largest arterioles and venules being termed first order. Subsequent branches were numbered consecutively. Figure 2 is a schematic diagram of the striated cheek pouch quadrant where all the microvascular pressure measurements were made. For the purpose of clarity, most of the fifth order arterioles and venules are not shown. Figure 3 is a photographic montage (200x) of the cheek pouch architecture. The corresponding microvascular pressure tracings are representative of those measured in most hamsters. First, second, third, and fourth order arterioles are clearly visible. Pulse pressure is maintained throughout the microvasculature, although it is quite damped on the venous side. Because of the difficulty of penetration using 2-to 3-fim pipettes, fifth order arteriolar pressures were not measured. Table 1 shows the results of six experiments in which microvascular pressure measurements were made under suffusion with low oxygen solution and then again under high oxygen suffusion; in four, this order was reversed. In all four orders of cheek pouch arterioles studied, both microvascular pressure and diameter measured under high oxygen were significantly lower than those measured under low oxygen. This effect was reversible. Figure 4 shows the microvascular pressure distribution in four orders of cheek pouch arterioles and three orders of cheek pouch venules. In general, higher oxygen conditions shifted the curves slightly down and to the right. Although cheek pouch capillary pressure was not directly measured in these experiments, the line connecting the fourth order arterioles and fifth order venules traverses the possible range of capillary pressures (23-33 mm Hg). The greatest pressure drop in the cheek pouch was clearly between the third and fourth order arterioles (22%), although arteriolar pressure had decreased to 57% of systemic arterial pressure before reaching the largest cheek pouch vessels.
Pulmonary Allograft
Pulmonary allograft vessels were classified by their branching patterns as terminal arterioles, capillaries, and first, second, and third order venules. Figure 5 is a photographic montage (470X) of pulmonary tissue with corresponding microvascular recordings. In this instance, the allogTaft lay directly over a first order cheek pouch arteriole and graft arterioles made their vascular connections with that vessel. Small "terminal" pulmonary arterioles (TPA), 20-40 jum in diameter, typically arose from directly beneath the mass of pulmonary tissue where they had grafted into the nearest cheek pouch arteriole. As the pulmonary arterioles reached the surface of the allograft some broke up immediately into capillaries, while others coursed across the allograft surface for several hundred microns before giving off capillaries. In Figure 5 , this capillary network is so dense that individual capillaries can be clearly seen only on the fringes of the allograft. The third order pulmonary venules were classified as the first collecting vessels observed on the postcapillary side of the pulmonary transplant. Two more orders of pulmonary venules were characterized by their convergence into larger collecting vessels from the pulmonary transplant. Usually, the first order pulmonary venule termi- nated by joining with a cheek pouch venule. This junction was characterized by the nodular connection that this vessel made with the cheek pouch venule. Again, pulsatile pressure was observed in pulmonary arterioles, capillaries, and venules. Figure 6 and Table 2 show the results of six experiments in which microvascular pressure measurements were made under suffusion with high oxygen and then again under low oxygen suffusion; in four, this order was reversed. In any individual experiment, measurements were completed on more than one type of vessel; thus, there were 14-20 measurements made on each type of vessel. With respect to pressure and diameter, pulmonary arterioles responded to changes in oxygen tension in a manner opposite to that of cheek pouch arterioles. There were significant decreases in both microvascular pressures and diameters for pulmonary arterioles under suffusion with low oxygen as compared to suffusion with high oxygen. At the same time, first order cheek pouch arterioles around the pulmonary tissue responded in a manner described previously for cheek pouch arterioles, i.e., an increase in diameter and pressure when suffusion is changed from high to low oxygen. Vasomotion was never seen in pulmonary arterioles under either low or high oxygen suffusion.
There are several other interesting characteristics of this preparation. Pulmonary capillary pressure is remarkably lower (13 mm Hg) than cheek pouch capillary pressure (23 < P < 33 mm Hg), even though the pressure perfusing the allograft (in this case, the first order CPA) is higher than pulmonary artery pressure. There is hardly any pres- sure drop across the pulmonary capillary bed, whereas the drop across the cheek pouch microcirculation is dramatic (Tables 1 and 2).
Note that in the chronic chamber preparations in which pulmonary tissue was transplanted, the diameters of first order cheek pouch arterioles were larger, and the microvascular pressures were lower, than in the acute cheek pouch preparations. This was a result of the chronic placement of the chamber and not of the pulmonary tissue itself, since in other experiments using chronic chambers but no pulmonary tissue, the same findings were obtained.
Discussion
The major goals of the present study were to determine the feasibility of using this model for studying the pulmonary microcirculation and the response of pulmonary microvessels to changes in oxygen tension. The microvasculature of the pulmonary allograft was evaluated with respect to its pressure-profile and response to changing the oxygen environment.
Microvascular Pressure Distribution
Although the development of catheterization techniques has allowed for direct measurement of pressure in pulmonary arteries and veins, pulmonary capillary pressure has only been estimated. Pressure recorded through a catheter wedged in a small pulmonary vein correlates closely with that in the pulmonary artery and pressure measured through a catheter wedged in a small pulmonary artery correlates well with pulmonary vein pressure (Hellems et al., 1949) . However, neither is a measurement of the pressure in pulmonary capillaries in which blood flow has not been interrupted. It is evident also that an accurate determination of the resistance drop through the pulmonary bed cannot be made without such a measurement of dynamic pulmonary capillary pressure.
In a recent article, Bhattacharya and Staub (1980) , using a servo-null micropressure system, reported the first direct measurements of pulmo-nary capillary pressure in isolated, perfused dog lungs. At an inflow pressure of 16.4 cm H 2 O (12.1 mm Hg) with alveolar pressure held constant at 5 cm H2O, the average microvascular pressures were: 16.0 cm H 2 O (11.8 mm Hg) in 20-to 50-^tm arterioles, 14.4 cm H 2 O (10.6 mm Hg) in arterial capillaries, 12.0 cm H 2 O (8.8 mm Hg) in venous capillaries, and 11.2 cm H 2 O (10.6 mm Hg) in 20-to 60-/nm venules. These pressures are comparable to those which we have measured in corresponding vessels of our pulmonary allografts, with our values being about 1-2 mm Hg higher than theirs at each point along the vascular bed. We could not reliably distinguish between arterial and venous segments of allograft capillaries because of the collapsed nature of the alveoli; therefore, we could determine neither the pressure drop across the capillaries themselves nor the capillary contribution to total vascular resistance. Bhattacharya and Staub (1980) calculated the longitudinal distribution of vascular resistance in their preparation to be 39% in arterioles, 17% in venules, and 44% in capillaries. If resistance is apportioned from the midpoint of the capillaries, then 60% is on the arterial side (Bhattacharya and Staub, 1980) . If our pressure measurements are assumed to be from the midpoint of the allograft capillaries, then there is a 56% drop in pressure on the arteriolar side.
One major problem with most studies on isolated lungs is that the investigators have failed to demonstrate the level of vascular tone present in their preparations. Slight constriction or dilation of either pulmonary arteries or veins could markedly affect the longitudinal distribution of vascular resistance within the lung. The fact that our preparation is reversibly responsive to oxygen is evidence for it having at least some degree of vascular tone. Also, it is possible that the low pulmonary capillary pressure (13 ± 1 mm Hg) as compared to the approximate pressure in the capillaries of the cheek pouch (25 mm Hg) may be due not to the characteristics of the pulmonary tissue but to the presence of any tissue in the cheek pouch. However, pressures measured in glomerular capillaries from renal tissue transplanted into the cheek pouch have averaged 31 ± 3 mm Hg (unpublished observations).
Thus, it appears that these measurements of capillary pressure in the respective tissues depend upon the type of tissue present in the cheek pouch.
Our estimate of cheek pouch capillary pressure also is well within the range reported for several other systemic beds, namely, mesentery and skeletal muscle (Fronek and Zweifach, 1975) . Average pressure in collecting venules of the mesentery is higher (20.7 mm Hg) than that in corresponding cheek pouch vessels (9.3 mm Hg) because mesenteric vessels drain into the portal vein (Fronek and Zweifach, 1975) . Further, there was a substantial dissipation (57%) of intravascular pressure proximal to our first order arterioles (=100 jon). The smaller arterioles (14 jam) and capillaries maintained the next largest decrease in intravascul&r pressure (57% and 53%, respectively). All intravascular pressures decreased when the tissue was suffused with high oxygen. These responses of cheek pouch arterioles to oxygen are comparable to those reported by Duling (1972) in the everted hamster cheek pouch. The average decrease in arteriolar diameter under 10% oxygen in his preparation was 20% whereas, in our preparation, it was between 7 and 10%. To our knowledge, the present study presents the first direct measurements of the effect of oxygen on pressure redistribution within the microvasculature of systemic and pulmonary beds.
Oxygen Response
Although we have clearly demonstrated hypoxic vasoconstriction of pulmonary arterioles in our preparation, we cannot make any definitive statements about the mechanism of this response. Histologically, the pulmonary allografts appear to contain all the cell types present in normal lung (unpublished observations). Ostermeyer and Block (1977) claim there is evidence for reinnervation of cheek pouch renal allografts; however, we have not yet documented this for the pulmonary allografts. Hence, we cannot exclude the possibility that the hypoxic vasoconstriction is mediated by one or more of the chemical agents mentioned previously, nor can we distinguish between local reflex mechanisms and direct effects of oxygen on the allograft vascular smooth muscle. We can, however, make several conclusions from the present data concerning the site of hypoxic pulmonary vasoconstriction.
Our data support the conclusion that hypoxia constricts small pulmonary arterioles without any effect on either pulmonary capillaries or veins. Under hypoxic conditions, pulmonary arteriolar diameter decreased an average of 19% from control. Consistent with this observation is the significant decrease in microvascular pressure in downstream arterial and capillary segments. This occurred in spite of an increased pressure in cheek pouch arterioles upstream from the allograft. Neither capillary nor small venule diameter changed significantly. If there had been significant constriction of pulmonary venules, then pulmonary capillary pressure would have been expected to increase or at least remain the same.
These observations are in conflict with those of other investigators who have shown that pulmonary veins do constrict in response to a variety of stimuli, including hypoxia: pulmonary artery wedge pressure in anesthetized dogs increases during hypoxia (Rivera-Estrada et al,, 1958) , and pulmonary venous pressure is increased in cattle with Brisket disease at high altitudes (Kuida et al., 1963) . Using dimensional transducers, Morgan et al. (1968) found a decrease in pulmonary vein diameter in response to alveolar hypoxia. This change occurred despite an increase in pressure on the pulmonary venous side. In addition, Fumival et al. (1970) found that pul-monary venous pressure increased an average of 1.9 cm H2O if the P02 of pulmonary artery blood was changed from 100 to 30 mm Hg while left atrial pressure was held constant; therefore, they concluded that pulmonary veins contributed significantly to the rise in pulmonary vascular resistance during hypoxia. However, in these experiments, the mean increase in pulmonary artery pressure was 9.2 cm H 2 O; thus the venous side accounts for only 18% of the resistance change. It is possible, but unlikely, that smooth muscle in large pulmonary veins (which are not present in our allografts) responds to hypoxia while that in small pulmonary venules does not. Another possibility is that constriction of the small venous vessels in our system cannot affect a detectable change in pressure upstream because of their anatomical arrangements.
In summary, an in vivo microcirculatory study of the pulmonary vasculature has been performed by transplanting neonatal lung tissue into the hamster cheek pouch. The response of pulmonary microvessels to several interventions have been compared. The main conclusions of this study are as follows: small pulmonary and cheek pouch arterioles exhibit opposite responses to an altered oxygen environment; hypoxia elicits a constriction of pulmonary arterioles, but a dilation of cheek pouch arterioles. The response of the pulmonary microcirculation to hypoxia was confined to the terminal arterial segment. Pulmonary capillary pressure in the neonate transplant is comparable to that measured in the intact lung; cheek pouch capillary pressure is within the range of that described for several systemic vascular beds. Thus, the pulmonary and cheek pouch microcirculations appear to respond in homeostatically appropriate ways so as to maximize oxygen supply and oxygen delivery, respectively. The hamster cheek pouch allograft, therefore, appears to be an excellent model for microcirculatory studies of the lung. Other potential studies include: the mechanism of action of hypoxia; vascular responses to CO2, pH, and osmolality changes; vascular responses and conversion of drugs; qualitative measurements of hydraulic conductivity and permeability characteristics of pulmonary capillarles,
